Tbe w exchange reqmwaiof big bluestem (Andiopobon p md&') were followed after defoliation by eitba cattle ping or clipping and compared witb the response of nondefoliated (control) plants. Grazed plants had significantly bigber rates of pbotosynthesis tbao either clipped or control plants. The photosynthesis/transpiration rrtio as well ti stomatal sensitivity to luunidity indicate that leaves of grazed plants may have developed in a higher ligbt 8nd lower moisture envirhunent than that of their clipped caunterputs. Altbougb tbe experimental dedgn could not precludC any indirect effects of animal l cttvtty (s8livq waste products, or trampling) on the grazed plants, the microenvironmental dtfferences caused by grazing may be crucial in determining the respoof gmssfis to clipptng versus gmzlng.
A great deal of interest has been expressed in graminoid response to defoliation. Studies have focused on herbage production, plant morphology, and plant growth in response to defoliation, as well as responses to the method of defoliation, clipping versus grazing , Vickery 1972 , Reardon et al. 1974 , Howe et al. 1982 , King et al. 1984 . The consensus appears to be that clipping or mowing a sward at a given height does not adequately mimic grazing. The primary reasons for this difference are: (a) grazing does not remove uniform amounts of forage from all tillers, hence removal of herbage from all tillers is unrealiitically severe (Stroud et al. l985) , and (b) graxing animals have substantial indirect effects such as soil compaction and recycling of nutrients via dung and urine (Bauer et al. 1987; Wallace 1987a, b) that are not mimicked by clipping. Unfortunately, there have been few explicit tests of these mechanisms.
In this study, I attempted to ascertain some of the mechanisms which account for the differences that have been shown between clipping and grazing. By examining the photosynthetic responses of grazed, clipped, and nondefoliated (control) plants, I wished to determine which factors were not most closely correlated with plant response to these forms of defoliation. I expected that changes should be found in plant physiology that may precede changes that have been noted in plant morphology and productivity. Thus, the data presented here represent a preliminary assessment of the differences in the responses of big bluestem (An&u-pogon gerardii) to either clipping or grazing.
Methods
Three 40 X 40-m plots were established adjacent to one another in tallgrass prairie at the USDA Livestock and Forage Experiment Station at El Reno, Okla. The plots were located on a upland prairie site on fine, mixed thermic Udertic paleustolls (USDA 58 1976). Dominant plants in 3 plots included Andropogon gerardii, Schizachyrium scoparium, Sporobolus asper, Sorghastrum nutans, Panicurn, virgatum, Vemonia spp. and Ambrosia psilostachya. Nomenclature follows Correll and Johnston (1979) .
Each of the 3 plots was delineated using 3 strands of electrical fencing. Within each plot were two 2.5 X 2.5-m exclosures, also constructed of electrical fencing. No microclimatic differences were found in the plots due to the presence of the fence. Half of each exclosure was left undefoliated while the other half was used for the clipping treatment.
Plants were graxed for 3 days with 20 steers during the third week in June, 1987 , and the third week in July (the equivalent of 14 animals/ ha as opposed to the recommended stocking rate of 0.5 animals/ ha; S. Coleman, pers. comm.). This extremely hi stocking rate was used to ensure that all plants within each plot were equally &razed. This was found to be the case since sward height was approximately 40 cm prior to grazing in June and 5-10 cm after grazing. Sward height was approximately 15 cm prior to grazing in July and was approximately 5 cm afterwards. Each plot was graxed to the extent that there was no litter and bare ground was exposed between plants. Sward height in the control plots averaged 52 cm prior to the July defoliation sequence. Litter accumulated to a depth of approximately 5 cm in both the clipped and control plots.
Clipping was done on the day that the animals were removed from a given plot and was done to the same height as the grazed plants. A nyion string "weed-eater" was used for clipping. Leaf blades remaining after each clipping and graxing were approximately 2 cm long. Therefore, most of the photosynthetic area of these plants was sheath tissue immediately after defoliation. Following animal removal from 1 plot, animals were rotated onto the adjacent plot for 3 days of grazing. Following that, animals were rotated onto the final plots for 3 days. This yielded a time series of measurements with sequential plots each having 3 days less time for recovery from graxing or clipping. Gas exchange measurements were taken 1 week and 2 weeks (in the first defoliation sequence only) following cessation of grazing in the first plot.
Gas exchange measurements were taken on the youngest, fully expanded leaves of big bluestem in grazed, clipped, and nondefoliated (control) treatments using a LiCor 6000 (LiCor, Lincoln, Neb.) portable, closed gas exchange system. Eight plants were measured per treatment per plot, yielding a total of 8 leaves per treatment in a plot. Four leaves of each treatment were measured inside each exclosure, yielding 8 leaves per treatment for the 2 exclosures. Leaves were held horizontally by the chamber during the 3O-second measurement period. Stomata1 conductance, transpiration rates and net photosynthesis were determined along with measurements of relative humidity, quatum flux, leaf temperature, air temperature, and vapor pressure deficits (VPD). Chamber air was well-stirred so that the boundary layer remained constant and negligible during measurements. All gas exchange measurements were taken between 1100 and 1330 CST on each measurement day. All samples were measured within this time frame to minimize variation due to diurnal environmental change.
Prior to gas exchange measurements, 4 samples per treatment per plot were taken for gravimetric determination of soil moisture (10-15 cm depth). In addition, in July, samples were taken for determination of soil bulk density.
Tests for significant treatment and data effects were run using ANOVA's. Statistical significance was assumed at p1.05.
Results Abiotic Parameters
There. were no significant differences in quantum flux, leaf temperature, relative humidity, or soil bulk density between treatments at any date (Table 1 ). Minor differences in VPD were found in July. Significant differences w.05) were found in soil moisture in the July and August samples with clipped plots having significantly more moisture than the other treatments (July clipped = 10.48%", control = 9.6@Zb, grazed = 9.03sb; August clipped = 0.21%', control = 0. 17b, grazed = 0.14%9. Values for each month followed by the same letter are not significantly different. It is unlikely that the differences noted in August were biologically important because they were so dry.
Gas Exchange Plants in both defoliation treatments had rates of photosynthesis which were initially depressed relative to the control leaves, but rates increased by day 5 (Fig. 1) . After day 3 of the first defoliation sequence, photosynthesis of leaves on the grazed plants was always higher than that of clipped leaves. This difference was significant on days 12 and 15. However, following day 5, the photosynthetic rate of the clipped leaves was never significantly different from the controls. The second defoliation sequence occurred during a seasonal drought. Although rates were 'much lower than in the fast sequence, clipped leaves had the lowest rates of all of the treatments, with this difference being significant on days 11 and 13. There were fewer differences between defoliation treatments in stomata1 conductances or transpiration rates (Fig. 2) . Grazed leaves had significantly greater stomata1 conductance than clipped leaves only once. However, both defoliation treatments tended to have greater stomata1 conductance values than the control treatment. Transpiration rates were also greater in the defoliated leaves. However, there was no consistent pattern of difference between the clipped and graxed treatments.
Stomata1 sensitivity to humidity (transpiration/VPD) was significantly affected by treatments, with control leaves being signiflcantly less sensitive than either defoliation treatment (grazed mean = 0.65, clipped = 0.64, control = 0.48). There was also a significant date effect, with leaves in July being more sensitive than leaves at other measurement dates. There were no significant interactions between date and treatment.
Multiple regression analysis was conducted on photosynthetic rates for all 3 treatments at all dates to ascertain what factors appeared to be the most highly correlated with photosynthetic rates (Table 2) . Grazed leaves showed little correlation with transpiration whereas both clipped and control leaves had negative correlations with transpiration in July. All treatments showed positive, strong correlations with stomatal conductance. Correlations with incident light were always positive but were of less importance to the model than were correlations with stomata1 characteristics and indications of water availability (soil moisture and VPD). Thus differences between treatments appear to be how the clipped and control leaves respond to moisture availability.
Discussion
Increased rates of photosynthesis following graxing and clipping were reported in several studies (Vickery 1972 , Detling et al. 1979 , Painter and Detling 1981 , Detling and Painter 1983 , Wallace et al. 1984 . Some of these studies correlated increased photosynthesis with increased stomata1 conductance (Gifford and Marshall 1973 , Painter and Detling 198 1, Detling and Painter 1983 , Wallace et al. 1984 . In this study, photosynthesis was also found to be positively correlated with stomatal conductance similar to these cited results. (cm s-l) , Tmn = trans~kation (mmole HnO m*s2' ), Smst = soil moisture (%), QU = quantum flux (mmole m%-I), VPD q vapor pressure deficit (mbars), LT = leaf tempemture (' C), NS = no sigmticant model found.
However, the increase in photosynthesis over time in the first defoliation sequence was not mirrored in the response of stomata1 conductance (Figs. 1,2) . The difference in photosynthesis can not be ascribed solely to differences in conductance. Thii may be partially explained by the low soil moisture content in the grazed plots since litter may have acted as a mulch in the clipped and control plots. This is contrary to expected results (Wraith et al. 1987) .
In the few studies that have explicitly tested the differences between clipped and grazed plants, the greater production or growth of the grazed plants was attributed to differences in leaf display, leaf population age structure, and the nonuniform nature of herbivory (White 1973 , King et al. 1984 , Parsons et al. 1984 . In grazed plants, increases in photosynthesis following grazing have also been attributed to increased incidence of light on previously subtending leaves (Mcnaughton et al. 1981 , Caldwell et al. 1983 . Caldwell et al. (1983) found that leaves near the interior of bunchgrass canopies exhibited extreme saturation-type light response curves with very low light saturation points. They attributed thii to the fact that these leaves developed in a very low light environment. In this study, leaves of the grazed plants were the least shaded since there was extreme canopy reduction and bare ground exposed between plants.
Another method of evaluating the physiological status of a leaf is to examine the ratio of photosynthesis to transpiration (P/T) (Caldwell et al. 1983) . They found that leaves that had developed in the sun had higher P/T ratios than did leaves that had developed in the shade. However, I found no such pattern of change in P/T ratios over time following either clipping or grazing (Fig. 3) . Unlike Nowak and Caldwell (1984) , I did find that leaves of grazed plants had the highest P/T ratios 4 of the 6 measurement days of the first defoliation sequence and were significant greater than leaves of clipped plants 5 out of 6 measurement days. More data will be necessary for a definitive discussion of plant response to canopy structure changes, but these differences indicate that the microclimatic changes in light intensity that accompany ungulate herbivory may be important in plant response. Additional studies have quantified the defoliation probability for tillers exposed to grazing ungulates (Briske and Stuth 1982) . The proportion of tillers defoliated after 33 days of moderate grazing was not 100% as it would be in the clipped or mowed systems. Although most tillers were defoliated once or twice during this period, plants were not completely defoliated nor were all tillers on a plant grazed at any one time. This would allow for the canopy to be much more open in patches with a greater penetration of light to the base of the plant in those areas. Light penetration models (Sheehy and Cook 1977) have shown increased light intensities in grass canopies with canopy gaps that would occur in differentially grazed systems. Several authors have cited increased light as the reason for high productivity and/ or tillering of grazed swards (McNaughton et al. 1981 , King et al. 1984 , Parsons et al. 1984 . In mowed swards, light penetration was actually found to bc decreased in one study (Ludlow and Charles-Edwards 1980) . In this study, the extremely intense grazing opened the canopy to the point that bare ground was exposed between plants. It would be reasonable to expect, then, that leaves in the grazed plots, would have developed in high light conditions.
In this study, greater rates of photosynthesis may be due to changes in the abiotic environment of the individual leaf. This study was not designed to separate any other effects of grazing animals, i.e., saliva or trampling. Mechanisms do exist for more closely imitating the grazing process via clipping (Stroud et al. 1985) , and these should be utilized to test for the effects of animal saliva on plant growth and physiological responses to herbivory. 
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